The Hartmann tube is a device that generates highintensity sound through the oscillation of a shock wave. Shock oscillations are created by the flow of an underexpanded jet interacting with a resonance cavity. Recent interest in the Hartmann tube has focused on using the high-intensity sound for flow-control applications. In this work, pressure-sensitive paint (PSP) was used to characterize the unsteady flowfield of the Hartmann tube. PSP effectively resolved the shock oscillations at 12 kHz. Furthermore, PSP was used to measure propagating acoustic waves emanating from the Hartmann tube. This work provides new insight into the relationship between the unsteady fluid dynamics and acoustics of the Hartmann tube -including the nature of the shock oscillations, unsteady flow interaction with the resonance cavity, and directionality of the radiated sound.
INTRODUCTION

Hartmann Tube
The Hartmann tube is a device that generates largeamplitude sound waves through the oscillation of a shock wave.
Julius Hartmann discovered this phenomenon as he moved a pitot probe throughout an underexpanded jet, and first reported his results in 1919. 1 Hartmann observed that the pressure measured by the pitot probe fluctuated cyclically at certain locations in the jet of air. Hartmann's later experiments with schlieren imaging [2] [3] [4] [5] [6] [7] [8] revealed that the sound generation is due to oscillation of the shock wave. The operating principle of the Hartmann tube is depicted in Figure 1 , with flow coming from a jet nozzle on the left and flowing into a typical resonance cavity on the right. The oscillation cycle is characterized by two primary phases indicated in the diagram, (a) filling of the resonance cavity, and (b) discharge of flow from the cavity. When the exhausting flow from the cavity meets the oncoming flow from the jet, the two jets disperse radially, as shown in Figure 1 (b). The motion of the external shock wave is driven by the periodic nature of the flow entering and exiting the resonance cavity. The shock position and range of motion are dependent upon the axial location of the resonance cavity with respect to the shock-cell structure of the impinging jet, shown for a typical underexpanded jet in Figure 2 . According to Powell and Smith, 9 the maximum range of shock motion is limited to within one cell of the shock structure. Thus, both the frequency and amplitude of the shock oscillations are dependent upon the location of the resonance cavity along the axis of the underexpanded jet. In addition, Thompson has shown that the oscillation frequency depends on wave propagation within the resonance cavity. 10 Thus, the length of the resonance cavity also has an influence on the oscillation frequency. Finally, the diameter of the resonance cavity has been shown to have an influence on the intensity of the radiated sound from the Hartmann tube. Brun and Boucher found that a resonance cavity diameter from 1.33 to 2.5 times the nozzle diameter produced the highest intensity sound. 11 This is due to the characteristic broadening of an underexpanded jet, and the need to accommodate the maximum width of the jet within the resonance cavity, without frictional losses associated with the cavity walls. These three factors -length, depth, and location of the resonance cavity -can be tailored to maximize the power output and tune the frequency of the Hartmann tube to arbitrary values over a wide range.
Several researchers have made modifications to improve the performance of Hartmann's original design. Savory experimented with various pads and rings surrounding the jet to enhance the acoustic power output. 12 He also suggested the use of a stem along the axis of the jet to stabilize the flow. This modification, which Hartmann and Trudsø also implemented, 13 allowed the tube to oscillate even when the jet was operating in the high-subsonic region.
Brun and Boucher, 11 and Kurkin 14 implemented a horn-shaped cavity around the Hartmann tube to amplify and direct the propagating acoustic waves. The size and shape of these cavities were tailored such that acoustic waves were reflected in phase with the generating waves to amplify the power output. As such, the horn shapes are wavelength-dependent and must be tailored for one specific operating frequency of the Hartmann tube. Sprenger, 15 Brocher and Ardissone, 16 and Kawahashi et al., 17 introduced a variation on the Hartmann tube by creating stepped or conical shaped resonance cavities. The change in area inside the resonance cavity serves to strengthen the propagating shock wave within the cavity. 24, 25 have developed the Hartmann tube for flow control applications. Their work has involved making variablefrequency actuators, characterizing the frequency response and acoustic output of these devices, and modifying the geometry to improve sound intensity. In particular, researchers have seen a directivity pattern of the flow field 20 that can be exploited for flow control applications. Some computational work has been done to explore the fluid mechanics of the directivity pattern. 22, 23 There is a need for experimental data to validate the computational work and provide further insight into the Hartmann tube flow field.
There is a significant volume of literature regarding the theoretical [26] [27] [28] [29] and experimental [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] 30 characterization of the Hartmann tube flow field. These measurements, however, have been limited to qualitative schlieren imaging, or point-wise pressure measurements. A quantitative and full-field measurement technique is needed to characterize the flow field to provide information for design of Hartmann tubes as flow control devices.
Porous pressure-sensitive paint, recently developed for unsteady global pressure measurements, is an ideal tool for characterizing the Hartmann tube flow.
Pressure-Sensitive Paint
Pressure-sensitive paint (PSP) measures surface pressure distributions through the processes of luminescence and oxygen quenching. Typically, PSP is illuminated with an excitation light, which causes luminophore molecules in the paint to luminesce, as shown in Figure 3 . In the presence of oxygen in a test gas, the luminescent intensity of the luminophore is reduced by oxygen molecules from the gas through the process of oxygen quenching. Since the amount of oxygen in air is proportional to pressure, one can obtain static pressure levels from the change in the luminescent intensity of PSP, with intensity being inversely proportional to pressure. Pressure-sensitive paint was initially developed as a qualitative flow-visualization tool, 31 and was subsequently developed as a quantitative technique. 32 The accuracy and utility of PSP has improved such that the technique provides results that rival data obtained from conventional pressure instrumentation. Comprehensive reviews of the PSP technique have been published by Bell et al. 33 and Liu et al. 34 The PSP formulation traditionally used for conventional testing includes a polymer binder. Conventional polymer-based PSPs are limited in response time, however. The slow response time characteristic of conventional PSP makes it a limited tool in the measurement of unsteady flow fields. Therefore, a fast responding paint, such as porous PSP, is needed for application to unsteady flow.
Porous PSP uses an open, porous matrix as a PSP binder, which improves the oxygen diffusion process. Figure 4 schematically describes the difference between conventional polymer-based PSP and porous PSP. For conventional PSP, oxygen molecules in a test gas need to permeate into the binder layer for oxygen quenching. The process of oxygen permeation in a polymer binder layer produces slow response times for conventional PSP. On the other hand, the luminophore in porous PSP is opened to the test gas so that the oxygen molecules are free to interact with the luminophore. The open binder creates a PSP that responds much more quickly to changes in oxygen concentration, and thus pressure.
There are three main types of porous pressuresensitive paints currently in use, depending on the type of binder used. Anodized aluminum PSP (AA-PSP) [35] [36] [37] [38] [39] uses anodized aluminum as a porous PSP binder. Thinlayer chromatography PSP (TLC-PSP) uses a commercial porous silica thin-layer chromatography (TLC) plate as the binder. 40 Polymer/ceramic PSP (PC-PSP) uses a porous binder containing hard ceramic particles in a small amount of polymer. 41, 42 For each of these porous surfaces, the luminophore is applied directly by dipping or spraying.
Objectives
The purposes of this work were three-fold. First, the dynamic response characteristics of porous pressuresensitive paint will be demonstrated. Porous paints are known to have exceptionally fast response characteristics, and the Hartmann tube is a good high-frequency flowfield to demonstrate the capabilities of porous PSP. Second, the sensitivity of PSP will be extended such that large-amplitude, propagating acoustic waves can be measured. Third, both PSP and schlieren imaging techniques will be used to characterize the unsteady fluid dynamics and acoustics of the Hartmann tube. For flow control applications, it is important to be able to tailor and direct the injected flow. The impact of resonance cavity geometry on the fluid dynamics and radiated sound field will be evaluated.
PSP DYNAMIC RESPONSE
Before using pressure-sensitive paint for an unsteady flow field such as the Hartmann tube, it is American Institute of Aeronautics and Astronautics 3 important to characterize the unsteady response of the paint. The unsteady flow field of a fluidic oscillator has been used to evaluate the dynamic response of porous PSP formulations. [43] [44] [45] [46] The oscillator operates at approximately 5 kHz, generating either a square wave or a triangle-wave. The flow field generated by the oscillator is rich in higher-frequency components, making it an ideal dynamic calibration device. Previous work with the oscillator demonstrates that porous PSP has a response in excess of 40 kHz. Asai et al. 47 have done tests with a shock tube and have shown response times on the order of 1 MHz with porous PSP. The proven response characteristics of the paint make it a suitable measurement technique for the flow field of the Hartmann tube, which has a characteristic frequency on the order of tens of kilohertz.
EXPERIMENTAL SETUP
Hartmann Tube
The Hartmann tube designs used for these tests are similar in geometry to Hartmann Tube Fluidic Actuators currently under development. 20, 24 The impinging jet portion of the Hartmann tube was supplied by a jet exiting a plenum through a 3/16" diameter converging nozzle.
The resonance cavity was positioned downstream and centered on the jet axis, as shown in Figure 1 . Three resonance cavities were used in these tests, two of which are shown in Figure 5 and Figure 6 . Two cavities are similar to the diagram in Figure 6 (a), one of which had a depth of 3/16" and a diameter of 3/16", and the other had a depth of 1/4" and a diameter of 1/4". Both of these cavities had a surrounding flat face exposed to the impinging jet. The third resonance cavity, shown in Figure 6 (b), measured 1/4" deep by 1/4" diameter. The surrounding face around the third cavity hole was angled back in a conical shape at 45°.
Pressure-Sensitive Paint
The experimental setup of the Hartmann tube with PSP instrumentation is shown in Figure 7 and Figure 8 . Polymer/ceramic was used as the porous binder for the PSP in these tests. The paint binder was prepared in a manner similar to Scroggin's procedure, 42 and Tris(Bathophenanthroline) Ruthenium Dichloride, (C 24 H 16 N 2 ) 3 RuCl 2 from GFS Chemicals, served as the luminophore. The paint was applied to a 0.020" thick aluminum sheet by air brush. For measurement of the Hartmann tube flow, the paint sample was positioned on the edge of the jet, as shown in Figure 7 . The paint sample was originally positioned on the centerline of the jet; however the presence of the paint sample inhibited repeatable oscillation of the shock wave. Repeatable oscillations are necessary for phase-locked imaging techniques; thus the paint sample was moved to the edge of the jet. Of course, the presence of the paint on the edge of the jet will have some effect on the fluid dynamics and acoustics of the Hartmann tube. This will have to be accepted as a necessary impact of the instrumentation on the flow. A 14-bit Photometrics 300 series CCD camera with 512x512 pixel resolution was used for imaging. The camera was positioned approximately six inches from the flow in order to fill the camera field with the jet flow field. A 50-mm f/2.8 Micro Nikon lens was mounted on the camera for imaging. A 590-nm long pass filter (Schott Glass OG590) was used for filtering out the excitation light.
A pulsed array of 72 violet LEDs (ISSI model LM2, λ=408 nm) was used for excitation of the PSP. For fullfield imaging, the camera shutter must be left open for an extended period to integrate enough light for quality images. Therefore, the pulsing of the excitation light was phase-locked with the oscillation of the shock wave in order to capture one point in the oscillation cycle. The strobe rate was synchronized with the signal of a miniature electret microphone. The microphone signal was passed to an oscilloscope with a gate function. The gate function produced a TTL pulse with a width corresponding to the time the scope was triggered on. Thus, the oscilloscope was used to generate a once-percycle TTL pulse. This TTL signal from the oscilloscope was sent to the external trigger input of a pulse/delay generator (BNC 555-2). The pulse generator, with variable pulse width and delay, directly strobed the LED array at any arbitrary phase-locked point in the oscillation cycle. The pulse width of the excitation light was set at 1 µs, which was less than 1.2% of the oscillation period. Images throughout the oscillation period were acquired, with a delay of 4 µs between data points. The camera exposure time for these experiments was on the order of 400 ms.
Schlieren Imaging
A schlieren imaging setup was used to visualize the flowfield of the Hartmann tube. The experimental setup involved the use of a single-pass schlieren system. The illumination source was a strobe light, a General Radio company model 1538-A Strobotac. The flash rate of the strobe light was phase-locked to the Hartmann tube oscillations in the same manner as used for PSP. A neutral density filter was placed in front of the strobe light to control the light intensity passing through the flow and reaching the camera. A 6-inch diameter frontsurface concave mirror with a focal length of 5 feet was used to pass the light through the flowfield. A knifeedge was placed at the focal point of the mirror to improve the image contrast. The flowfield was then imaged with a digital video camera.
PSP DATA REDUCTION
Initially, a dark image was subtracted from all of the data images to remove the dark current on the CCD and any effects of stray light. The wind-off reference image was subsequently divided by the particular wind-on image for each phase delay. The intensity ratio was then converted to pressure through an a priori Stern-Volmer calibration, and in some cases the calibration curve was shifted to match the indicated pressure in the data set to a known value. Application of spatial filtering, using a 3 pixel by 3 pixel window size, reduced the spatial noise in the data.
RESULTS AND DISCUSSION
Flat-Face 3/16" Cavity
Initial tests were conducted with the 3/16" resonance cavity with flat face. It was found that the smaller diameter resonance cavity (3/16", equal to the jet nozzle diameter) produced higher-frequency oscillations than the larger cavity (1/4", 1.3 times the jet nozzle diameter). The larger cavity, however, produced higherintensity sound, agreeing with the results of Brun and Boucher.
11 Therefore, the 3/16" resonance cavity, which produced oscillations at 12 kHz, was used to demonstrate the fast response characteristics of porous PSP.
The results of the pressure-sensitive paint tests from the Hartmann tube with 3/16" cavity are shown in Figure  9 . The nozzle is shown in black on the left side of the image, with the flow moving from left to right. The resonance cavity is shown in blue on the right side of the image. The PSP data is shown in the gap between the nozzle and the cavity. The series of eight images represent eight equally spaced time steps of 10 µs within the oscillation period of the Hartmann tube. The nozzle pressure ratio (P 0 /P atm ) was 2.73, which generated flow oscillations at a frequency of 12.0 kHz.
The PSP clearly resolves the pressure field of the oscillating shock wave at each point within the cycle. Notice the pressure wave near the wall around the resonance cavity. This pressure wave also oscillates in phase with the shock oscillation, and appears to interact with the adjacent wall. This fluid-structure interaction will be investigated further with the 1/4" resonance cavities.
Flat-Face 1/4" Cavity PSP and schlieren results from tests with the flatfaced cavity are shown in Figure 10 and Figure 11 , respectively, with the jet flowing from left to right. The nozzle pressure ratio was 2.47, producing an oscillation frequency of 9.1 kHz. Upon initial inspection, it is clear that PSP resolves the position of the shock wave at various points in the cycle. The series of six images in Figure 10 are equally spaced with 24 µs time steps, and represent the entire oscillation period. Likewise, the images in Figure 11 are equally spaced with 16 µs time steps, and also cover the entire period of cavity filling and exhaust. Exhaust of flow from the resonance cavity is shown in Figure 10 (a) through (c) and Figure 11 (a) through (d). Filling of the cavity is shown in Figure 10 (d) through (f) and Figure 11 (e) through (h). Several key features of the flow may be noticed. First, the beginning of the exhaust phase produces quite a sudden movement in shock location, as seen in the difference between Figure 11 (a) and (b) . This impulsive shock movement initiates a strong outward-moving pressure pulse, as seen in the near-field images of Figure 10 (b) through (d). Another interesting feature is that the exhausting flow from the resonance cavity appears to have an effect on the pressure distribution around the shock, even altering the shape of the shock itself. There is a certain backwards curvature to the edges of the shock during the exhaust phase, as can be seen in Figure  10 (a). This curvature is most likely due to the radial interaction of the escaping flow with the oncoming jet. Furthermore, the interaction of the exhausting flow from the cavity with the oncoming jet creates regions of high vorticity. In particular, a region of high vorticity may be seen in the upper portion of Figure 11 (c). These vortical structures are then convected radially away from the resonance cavity, as shown in Figure 11 (c) through (h). These regions or vorticity are similar to the observations of Kastner and Samimy 24 with their Hartmann Tube Fluidic Actuator. It should be noted that the propagation speed of the pressure-pulse is much faster than the speed at which the vortical structures are convected outward.
Further results from the same flow conditions can be seen in the PSP images of Figure 12 and the schlieren images of Figure 13 . Both sets of images have equal time delays of 16 µs. One significant feature shown in Figure 12 is the outward propagation of the acoustic wave. The black arrows in each figure mark the approximate leading edge of the propagating acoustic wave. The pressure fluctuation associated with this wave is about 0.8 psi from peak-to-peak. This highlights the capability of porous PSP to make acoustics measurements. The PSP data also indicates that the pressure wave is initiated by the impulsive outward movement of the shock wave, which may be considered similar to a vibrating piston. The fluid dynamics in the near-field of the shock oscillation may also have an impact on the radiation pattern of the emitted sound waves. The schlieren images of Figure 13 agree well with the PSP results, and with the historical results of Hartmann and Trolle. 3, 6 Both image sequences begin at approximately the same phase in the oscillation cycle, at the initiation of the acoustic pressure pulse. The schlieren images also demonstrate how the acoustic American Institute of Aeronautics and Astronautics 5 wave rapidly propagates away to the far-field, compared with the relatively slow convection of the vortical regions away from the resonance cavity. Approximately three vortical regions, generated by three successive cycles, can be seen moving up and down the front face of the resonance cavity in Figure 13 (c) .
When the Hartmann tube was driven at 9.1 kHz, and phase-locked PSP images were taken at 4-µs intervals, a total of approximately 28 images were compiled to represent the entire oscillation cycle. These twenty-eight phase-averaged samples can be reconstructed to generate an average time history at any point in the measurement area. A typical pressure time-history of one point is shown in Figure 14 . Note that the four waveforms visible are simply a concatenation of the one phaseaveraged time-history. This was done for visualization purposes, and the exact repeatability is only due to the concatenation process. Notice the steep, rapid rise and decay times of the pressure pulse. This data sample represents a rich source of information -essentially, a phase-averaged time-history is available at every spatial point in the image. If the entire 512x512 CCD image plane is utilized, over 260,000 reconstructed timehistories are available. The volume of this information is limited primarily by the spatial resolution of the imaging system. This large volume of data can be reduced to a manageable level by determining the root-mean-square (RMS) pressure fluctuations for each point in the image plane. Pressure-sensitive paint inherently measures absolute pressures (rather than dynamic pressures normally used for determining RMS pressures). Therefore, a mean value of pressure over the entire time history for each point was subtracted from each location. Once the dynamic pressure was determined, the RMS pressure fluctuations were calculated by
where P i (x,y) the pressure at a spatial location (x,y), i is the sample within the time history, and N is the total number of samples in the time history. The RMS pressure levels throughout the near-field of the flat-face resonance cavity are shown in Figure 15 . The high pressure-fluctuation levels between the nozzle and resonance cavity are due to the shock oscillations. Also significant is the circular region of higher RMS pressures above the shock oscillation region. These pressure fluctuations are most likely due to the vortical regions created by interaction of exhausting flow with the incoming jet. From the RMS pressure values, the sound pressure level (SPL) at each point was calculated by
where P ref is a reference pressure of 20 µPa. Sound pressure levels throughout the measurement region are shown in Figure 16 . The logarithmic scale of SPL data provides a more useful representation of the pressure fluctuation directivity, since the fluctuations range over several orders of magnitude. Clearly visible in Figure 16 is the directivity of the near-field flow back towards the jet nozzle. The pressure fluctuations across the measurement region range from over 170 dB near the oscillating shock wave, to about 155 dB in peripheral regions. The sound pressure level for the point indicated in Figure 14 is 162 dB. These sound pressure levels are similar to the results obtained by Raman, et al. 18 Pressure fluctuations on this scale are quite suitable for flow control applications.
Angled-Face 1/4" Cavity
In order to investigate the effect of the resonance cavity geometry on the near-field fluid dynamics and farfield acoustics, a 45° angled cavity was made to compare with the flat-faced cavity. The flow conditions for the angled cavity were tailored such that the oscillation frequency was matched to that of the flat-faced cavity. Thus, the nozzle pressure ratio was adjusted slightly to 2.66, producing an oscillation frequency of 9.1 kHz. The small change in pressure required to match the frequency may be due to the manufacturing tolerances involved in making two resonance cavities of the same dimensions. The oscillation frequency is quite sensitive to the cavity dimensions, particularly the depth and distance from the nozzle. The PSP sample used with the angled cavity is a different shape than the flat-faced cavity, but made from the same batch of paint.
PSP and schlieren results showing the shock oscillation for the angled cavity are represented in Figure  17 and Figure 18 , respectively, with the jet flowing from left to right. As in the flat cavity results, the cavity exhaust phase is shown in Figure 17 (a) through (c) and Figure 18 (a) through (d) . The cavity filling portion of the cycle is shown in Figure 17 (d) through (f) and Figure 18 (e) through (h). As in the flat cavity results, the shock position is resolved by PSP at various phaseaveraged points within the cycle. Similar regions of vorticity are also visible in the schlieren images of Figure 18 . Closer examination of these results, however, reveals key differences. In Figure 17 (a) , near the beginning of the exhaust phase, the behavior of the collision of the two jets may be observed. (Recall the characteristic behavior of the colliding jets shown in Figure 1 and described by Boucher 28 ). At this point in the oscillation cycle, the main jet from the nozzle appears to be deflected normal to the axis of the jet. The jet exhausting from the cavity, however, appears to be inclined back towards the cavity. At later points in the cycle (Figure 17 (c) , for example), the exhausting jet also turns in a direction normal to the jet axis. Then, again, as the exhaust phase nears completion, the flow exiting the cavity is redirected back towards the angled cavity. Time-sequence animations of the data reveal that the position of the exhausting jet is bi-stable, and the movement between the two states is quite rapid. The results of this exhausting jet oscillation can be seen in the bi-stable flow pattern moving away from the cavity in the lower portion of Figure 18 (b) and (c) . This behavior may be explained by reasoning that the main jet overpowers the exhausting jet at the beginning and end of the exhaust phase, causing the exhaust flow to be directed back and away from the cavity. During certain periods within the oscillation cycle, the exhausting jet may actually be attached to the cavity face. The phenomenon of wall-attachment, called the Coanda effect, 48, 49 is the tendency of a free jet to be drawn towards an adjacent wall. If this is the case, then wall attachment may be capitalized upon to direct flow from the resonance cavity in a particular direction. It is clear from this data that the geometry of the angled cavity has a significant impact on the near-field fluid dynamics, when compared to the flow around the flat-faced cavity.
Measurements of the propagating acoustic waves are shown in Figure 19 and Figure 20 for PSP and schlieren imaging, respectively. Arrows on the PSP images indicate the approximate edge of the acoustic wave front. The initiation of the acoustic wave is not clearly visible in the PSP results, because the near-field fluid dynamics dominates the pressure field. As the acoustic wave moves out into the far field, however, it is clearly discernable. The magnitude of the acoustic wave tends to be higher on the nozzle side, compared to the resonance cavity side. The schlieren images in Figure 20 also clearly show the propagating acoustic wave. Another interesting feature, shown in Figure 20 (e) and (f), is the presence of a weaker secondary wave propagating behind the initial wave front. It is not known whether this wave is a reflection, or if it is generated by the fluid dynamics of the Hartmann tube.
Root-mean-square pressure values were calculated from equation (1), and are shown in Figure 21 . The RMS pressures clearly indicate the region of shock oscillation, as well as the directions of the deflected jet and exhausting flow. It is interesting to note that the bistable characteristics of the exhausting jet are shown by the two-lobed directional pattern of the flow. Sound pressure levels, as calculated by equation (2) , are shown in Figure 22 . Despite the presence of noise in this data set, there are several interesting features that may be observed. The direction of the fluid dynamic near-field is clearly inclined back towards the resonance cavity. This is in agreement with the bi-stable directional tendency of the exhaust flow. The acoustic directionality in the far field, however, is stronger on the nozzle side.
This indicates that the geometry and near-field fluid dynamics influence the propagation characteristics of acoustic waves in the far field. Thus, the propagating acoustic waves have directivity in a different direction than the near-field fluid dynamics. This behavior is important to consider when designing a Hartmann tube for flow control purposes.
CONCLUSIONS
This work has demonstrated the utility of pressuresensitive paint for resolving the pressure field of the Hartmann tube. PSP was able to measure the location and strength of a shock wave oscillating at a rate of 12 kHz, as well as the propagating acoustic waves emanating from the Hartmann tube.
The global pressure data obtained with PSP has provided unique insight into the fluid dynamics and acoustics of the Hartmann tube. It has been found that the exterior shape of the resonance cavity has a significant impact on the directivity of the propagating acoustic waves, as well as on the near-field fluid dynamics. It has been shown that the propagation characteristics of the acoustic wave are different than the near-field fluid dynamics. In flow control applications, either the acoustics or the fluid-dynamics may be employed for control authority, and care should be taken to differentiate between the two phenomena.
FUTURE WORK
The use of pressure-sensitive paint with the Hartmann tube provides many opportunities for further work. A laser scanning system with a photomultiplier tube may be used to make point measurements of PSP data throughout the flow field. This would provide time histories real-time, without any phase averaging. Frequency content of individual points can be determined through this method.
PSP may also be applied to other surfaces, such as the face of the resonance cavity, or even inside the cavity. There has been much discussion in the literature about the internal wave propagation within the cavity, but point-wise pressure measurements remain inconclusive. Pressure-sensitive paint can provide much more information about the wave propagation than individual pressure transducers can provide.
This work has dealt with only the Hartmann tube, rather than a practical implementation in a Hartmann Tube Fluidic Actuator (HTFA). Even though the fluid dynamics and acoustics may not be greatly different, porous PSP can be used to characterize actual devices. PSP may also be implemented to evaluate the control effectiveness of the HTFA or other flow control devices.
Finally, the Hartmann tube may be used as an additional dynamic calibration device for pressuresensitive paint. The PSP point measurement response to the oscillating shock wave may be directly compared with Kulite pressure transducer measurements for a quantitative evaluation of the frequency response of PSP formulations. 
